M icroelectronic chip-based systems are available for a wide variety of applications. Many of these systems rely on NON-INTEGRATED optical detection schemes to collect data from the chips. A magnetoresistive detection format, however, can be completely integrated. This paper presents some basic concepts for optimizing micron-sized magnetoresistive sensors for single nucleotide polymorphism (SNP) analysis and DNA diagnostics. Magnetoresistive sensors are nano-fabricated thin film resistors whose resistance changes as a function of magnetic field. The magnetic DNA assay replaces the EXTERNAL optical reader apparatus with an INTE-GRATED magnetoresistive sensor at each "pixel" of the array. The EXTERNAL light source can be replaced by an INTE-GRATED magnetic field generation strap, or by a simple external coil. Magnetoresistive pixel sizes could presently be ~ 3 microns on a side, and decrease to ~ 100 nm with technological improvements. It is shown that, taking reasonable values for critical parameters, a signal to noise ratio of 10,000 : 1 is achievable using 10 nm paramagnetic beads as the assay label. As early demonstrations of the feasibility of this system, data have been collected using NVE's magnetoresistive sensors (non-optimized) to easily detect single micron-sized magnetic beads. Presently NVE is working on 1 million bit arrays of magnetoresistive sensors which are being fabricated into magnetoresistive random access memory (MRAM) chips. These arrays have many similarities to what is required for the magnetoresistive DNA assay including submicron bit size and single bit addressability.
Tremendous advances in commercial grade automated DNA analysis have been made with the advent of Affymetrix's [3380 Central Expressway, Santa Clara, CA 95051] "GeneChip" technology, 1 and other related systems. These advances have been made in conjunction with the sequencing of the human genome. The large-array sequencing tool combined with the existence of meaningful sequencing information has opened up a very broad horizon for new modes of delivering biochemical and heath care products and services. The GeneChip optical detection technology is quite effective for medium-high density arrays (~100,000 sites/chip). The detection scheme, however, requires a large and The Dynabeads change the magnetic field incident upon the detectors in a way that is proportional to the surface density of beads. Thus, the concentration of a given target DNA can be measured through the response of the GMR detector. expensive system. Electrochemically based detection modes, such as the Clinical Micro Sensor [126 West Del Mar Boulevard, Pasadena, CA 91105] chips, 2 are effective for low density arrays (<1000 sites / chip). The electrochemical detection mode has an advantage in mass-manufacturability and, ultimately, price. But they do not have the sensitivity nor the density of the GeneChip technology. The present paper introduces the notion that magnetoresistive assay technology, rather than optical or electrochemical, has the potential to provide the ultimate combination of high density and low cost. This potential is based on the inherent integrability of the detectors with standard semiconductor circuit technology and the high sensitivity of even sub-micron sized detectors. The limits on this sensitivity and density will be examined in later sections. First, however, will be a brief discussion of the present state of the art and how a magnetoresistive assay works.
MAGNETORESISTIVE ASSAY
In preliminary demonstrations at the Naval Research Laboratory, arrays of magnetoresistive detectors have already been successfully used to measure the surface density of magnetic labels in bioassay applications. 3, 4 These assays use a sandwich-type system where magnetic labels are preferentially attached to the surface based on the biochemical functionalization of the labels and the detector surface. The detector array consisted of 64 individually addressed resistor elements, each one measuring 5 mm x 80 mm. The detectors were fabricated by NVE using a standard "sandwich" structure Giant Magnetoresistive (GMR) material. 5 The GMR detector surface was electrically passivated with a thin layer of Si 3 N 4 dielectric, and then coated with Au. Single-stranded DNA were attached to the Au surface using thiol chemistry. A sample of complimentary biotinylated DNA was then introduced which hybridized to the DNA on the detector surface. The result was a surface of biotinylated DNA across which streptavidin-coated Dynal M-280 Dynabeads were flowed. Beads were preferen-tially attached to the DNA-treated areas above the GMR detectors. The detectors were easily able to detect the presence or absence of a single assay label. Figure 1 shows a schematic of the basic GMR bead assay format.
THEORETICAL DETECTION LIMITS
The early results are encouraging enough to prompt the question: how dense and sensitive can this magnetoresistive array technology be? And to what applications can it be extended? The remainder of this paper is an analysis that suggests the ultimate density could surpass 1 sensor every 100nm using 10nm diameter beads. Very small beads are desirable from a microfluidic and chemistry standpoint, and high sensor density is required for any bioassay requiring a large number of test sites. To some degree, the ultimate cost of the detectors scales inversely with area. The following analysis makes the assumption that the biochemical sensitivity of the magnetoresistive chip can be maintained and/or improved to be compatible with the proposed high density format.
For the purposes of this paper, there are a few key concepts to consider. First, the resulting field from an attached magnetic bead is proportional to its volume and magnetic susceptibility, and inversely proportional to the distance cubed between the bead and detector. Second, the signal to noise achievable with a given sensor material scales as the inverse of the square root of the area. These detection concepts are more fully developed in a related paper, 6 where the signal to noise ratio for a 1 mm bead over a 1 mm x 1 mm sensor are calculated. The calculated value for this detection format, assuming a magnetic susceptibility of the bead of 0.05, is ~6500 : 1. By signal to noise, we mean the [difference in signal when a bead is present vs. not present] : [intrinsic electrical noise of the detector].
As the bead size goes from 1000 nm to 10 nm, the ratio of the bead volume to separation cubed remains constant so long as the separation from the bead surface to the detector is small compared to the bead. So the actual field the detector sees is about Figure 2 The incident inplane magnetic field distribution of a single 10 nm diameter bead under the influence of an in-plane external field, Happ. The field distribution is strongest (about 12% of the applied field) at the point directly beneath the bead and tapers off to less than 2% around the edges of the bead. Details of the calculations leading to this plot are in 6 . the same regardless of bead size. Figure 2 shows the result of applying the model in 6 to the 10 nm bead size. However, this field is over a much smaller area (10 4 less area, consequently 10 2 more noise). This drops the nominal signal to noise to ~65. However, one can increase the magnetic susceptibility fairly easily by a factor of 10 by using more highly magnetic particles than are typically used for separations. (The risk of magnetic agglomeration is lower with such small particles due to the increasingly strong demagnetizing effects in decreased volumes.) Also, one can reduce the effective sensor noise by using a modulated excitation field technique. This potentially can cut the noise by 10 2 . Consequently, the potential signal to noise rises above 10,000 : 1.
PRACTICAL EXAMPLES
The forgoing argument, while somewhat abstract, is not without some real-world practical examples to back it up. An excellent point of comparison is the common hard disk drive read head. These magnetoresistive sensors are presently about 500 nm x 500 nm and detect magnetic particles on the surface of the disk drive that are about 20 nm x 500 nm. And they do all that while whizzing across the disk surface at great speed. Another emerging example is the 1 Mbyte magnetoresistive random access memory. This is an array of 10 6 magnetoresistive sensors on a chip, much like what would be required for the bioassay array. Groups at Honeywell, Motorola, and IBM have announced that they will be producing these chips within two years. The main point of this is that the technical challenges of developing an ultra-dense magnetoresistive bioassay are surmountable so long as the commercial market demand will support the considerable development required. Ultimately, the magnetoresistive assay technology may give users the ability to measure the smallest quantity of DNA material with the greatest sensitivity.
